This paper presents seabed interface-scattering and geoacoustic parameters estimated on the Malta Plateau, Mediterranean Sea, by joint Bayesian inversion of monostatic backscatter and spherical-wave reflection-coefficient data. The data are modeled assuming a stack of homogeneous fluid sediment layers overlying an elastic basement. The scattering model also assumes a randomly rough water-sediment interface with a von Karman roughness power spectrum. Scattering and reflection data are inverted simultaneously using a population of interacting Markov-chains to sample roughness and geoacoustic parameters as well as residual error parameters. Trans-dimensional sampling is applied to treat the unknown number of sediment layers and unknown autoregressive order of the errors (to represent residual correlation). Results are considered in terms of marginal posterior probability profiles and distributions, which quantify the effective data information content to resolve scattering∕geoacoustic parameters and structure. Results indicate well-defined scattering (roughness) parameters in good agreement with existing measurements, and a multi-layer sediment profile over a high-speed (elastic) basement, consistent with independent knowledge of sand layers over limestone. [Work supported by ONR.] 
INTRODUCTION
Ocean acoustic reverberation modeling and sonar performance prediction in shallow waters require estimates of seabed geoacoustic parameters and scattering parameters defining seafloor roughness. Direct measurements (e.g., stereoscopic photography, laser imaging) of seafloor roughness over small scales and long-range reverberation measurements to infer roughness over large scales have been carried out. 1 However, the characterization of seafloor roughness on the meso-scale (10 0 -10 2 m) has received little attention. This paper applies joint trans-dimensional (trans-D) Bayesian inversion to backscatter and reflection data measured on the Malta plateau to estimate mesoscale interface scattering parameters and geoacoustic profiles together with a fully nonlinear uncertainty analysis.
The two types of data considered here consist of measurements of the mono-static backscattering kernel and spherical-wave reflection-coefficients as a function of angle and frequency. These data are considered as seabed acoustic scattering is dependent on both the two-dimensional (2D) seafloor roughness statistics and on seabed reflectivity, which is itself dependent on the sub-bottom geoacoustic profile. The inverse problem considered here is solved using a Bayesian approach which provides a rigorous evaluation of parameter uncertainties and interrelationships. As in a previous simulation study 2 both the number of seabed sediment layers and the order (zeroth or first order) of auto-regressive process representing potentially correlated errors are treated as unknowns in this inversion.
DATA
The mono-static backscatter and reflection data were measured at the same location on the Malta Plateau, south of Sicily in the Mediterranean sea. The scattering measurements employed a sound source at the bottom of a vertical array of hydrophones to create an impulsive signal which scatters from both the sea floor and surface and is recorded at the array. 3 There are multiple possible acoustic paths from the source to the receiver. Beamforming and time windowing are applied to the received signal to separate it into different paths defined by the number and order of boundary interactions. In this paper only data following the single bottom backscattering path are used, as this is sufficient to define the mono-static scattering kernel. Scattering data (σ) were collected at frequencies of 600, 900, 1200, 1800, 2400, and 3600 Hz and an angular range of 5-60. The scattering data are shown in Fig. 1 (left) ; the angular range is reduced to 5-25̊ in order to minimize the effects of subsurface scatterers. The reflection data were collected using an impulsive acoustic source (seismic boomer) towed past a fixed receiver to provide reflections with a range of incident angles at the seabed. 4 The height of the receiver was selected such that the bottom-bounce and the direct-path arrivals were separated in time. The source was located close to the surface so the surface-bounce and direct paths combined to form a single arrival. Source directivity is accounted for using the ratio of direct and bottom-reflected arrivals with the same takeoff angle (instead of arrivals from the same source transmission) with angular interpolation applied to closely match angles. The data were recorded over a wide range of frequencies; however, only reflection data in the same frequency range as the scatting data are used: thirdoctave band averaging centered at 630, 800, 1000, 1600, 2500 and 4000 Hz. The angular range of the reflection coefficient data is 20-78. 
FORWARD MODELS
Two forward models are used here to compute backscattering and spherical-wave reflection data, and are applied to a seabed model consisting of a layered half-space as shown in Fig. 2 . The top (zeroth) layer is seawater and is assumed to be homogeneous and isotropic with known properties. The seabed is a series of j homogeneous layers, terminated by a homogeneous semi-infinite basement (j+1 layers with j interfaces in all). Layer properties include interface depth z (the lower boundary of a sediment layer), sound velocity c, density ρ, and attenuation α. As there are j+1 layers and only j interfaces, the jth layer does not have an associated interface depth; the depth of the interface between the jth layer and the basement is denoted z b and considered an attribute of the basement. In addition, the basement is assumed to be elastic with a shear-wave velocity c s and attenuation α s . The only difference between the seabed model for scattering and reflection is that the water-sediment interface is assumed to be rough for scattering and planar for reflection.
The scattering kernel 5 considered here defines the mono-static acoustic backscatter from a single rough interface between two fluid layers (water and first sediment layer) over a layered medium and is given by: 
where R is the plane-wave reflection coefficient for the j+1 layer seabed, which is evaluated recursively and accounts for the elastic basement. 6 In Eq. (1) W defines the 2D spatial roughness power spectrum of the seabed given by
where γ, w 2 and K 0 and the spectral exponent, strength and cutoff, respectively, and K is the transverse component of the incident wave vector with magnitude |K|=k 0 cos(θ). Backscatter is considered in decibels, i.e., σ=10log 10 (σʹ).
The spherical-wave reflection-coefficients are computed as the superposition of plane waves by solving the Sommerfeld integral.
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In addition to the geoacoustic model it is also necessary to define the residual-error distribution for both scattering and reflection data. The data residuals are assumed to be multivariate Gaussian distributed. Residuals at different frequencies are assumed to be independent; however, residuals at the same frequency are not assumed independent over angle. The potential angular dependence (correlation) of the residuals is accounted for using a trans-D model which selects between a zero-and first-order auto-correlation process, as required by the data.
POSTERIOR DISTRIBUTION
In Bayesian inversion unknown parameters are treated as random variables, that is, they are assigned probability distributions. The distribution of the parameters evolves through the introduction of observed data from the prior to the posterior probability density (PPD). The PPD contains all information considered, and can be expressed using Bayes' rule as
where L is the likelihood function, π is the prior distribution, and Z the evidence. The vectors d and m j represent the data and the model parameters, where subscript j indicates the model dimension which is variable in trans-D inversion. Here the number of sediment layers and order of AR process are treated as unknown and sampled in the inversion. The prior consisting of bounded uniform, not necessarily rectangular (e.g., ρ and c have a quadratic type relationship), distributions restrict the parameters to physically realistic values. In general, it is not possible to make direct analytic inference about the PPD so the PPD is numerically approximated through Markov chain Monte Carlo (MCMC) sampling. Inference is then conducted on the samples. To adequately approximate the PPD, 10 6 models were drawn using the reversible jump MCMC algorithm. 2 These are thinned by one quarter to reduce sample correlation; only the remaining samples are considered here.
INVERSION RESULTS
The fit to the scattering and reflection data is shown in terms of marginal predicted data in Fig. 1 . Marginal predicted data are shown instead of the predictions of a single point estimate as this is more consistent with the Bayesian approach and individual models may fail to show structure that is captured in the aggregate. The fit to the data is acceptable; there are some frequencies with auto-correlated residuals but this is accounted for by the trans-D AR error model. Marginal posterior probability distributions for the scattering parameters included are shown in Fig. 3 . These distributions are uni-modal and centered near γ=3, w 2 =0.003, and K 0 =2 1/m. The location of the mode in γ (γ=3) indicates that scattering strength is increases roughly linearly with frequency (Eq. 2 would then be approximately proportional to k 0 -3 , which substituted into Eq. (1) results in σ proportional to k 0 ). Figure 4 shows marginal posterior profiles for geoacoustic parameters. The most significant feature is the high velocity layer at ~6 m depth which is believed to be limestone. The high multi-modality of the layers from 4-6 m depth may be a result of possible roughness at the sediment-limestone interface. Another interesting feature is the high attenuation close to the water sediment interface, which indicates possible saturation of the surficial sediments.
SUMMARY
The rigorous estimation of in-situ seabed scattering (roughness) parameters and their uncertainties from remote acoustic measurements is a problem of practical interest which has received little attention to date. This paper applies a Bayesian inversion approach to experimental data to estimate parameters for a power-law representation of the 2D spatial roughness spectrum and geoacoustic profile of a test bed on the Malta Plateau. The joint inversion of the two data sets is accommodated naturally by formulating a joint likelihood function as the product of the individual likelihoods. An appropriate model parameterization (e.g., number of seabed layer resolved by the data) is generally not known in practice; this is addressed here by trans-dimensional inversion. The results indicate that the experimental site consisted of approximately 6 m of sand over limestone. The seabed interface was found to be rough with backscatter strength increasing linearly with frequency.
